Abstract This paper focuses on the development of a new class of eight-node solid ®nite elements
Introduction
Several problems of important physical meaning, such as incompressible elasticity, plasticity of metals or, additionally, the¯ow of certain¯uids, involve the inclusion and treatment of the incompressibility phenomenon.
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Mathematically, incompressibility modelling relates to the imposition of a constraint over the analysed continuum, enforcing the volumetric part of the strain ®eld to be zero or very small when compared to its deviatoric counterpart. However, the same treatment involving the frame of the ®nite element method (FEM) imposes some dif®culties, in particular, when low-order elements' formulations are employed.
Low-order elements offer simpler implementation when compared with higher-order formulations allowing, at the same time, straightforward mesh operations to be performed. Nevertheless, problems can arise in the presence of incompressibility, as stated before, leading to the so-called volumetric locking phenomenon. In this case, bilinear elements (in two-dimensional analysis) and trilinear solid elements (in three-dimensional analysis) are not able to grant the complete nullity of the volumetric strain. This leads to an overestimation of stiffness values related to the volumetric deformation and, in consequence, to near zero values of displacements obtained.
Several approaches have been proposed in the latest decades to reduce or alleviate volumetric locking occurrence. Reduced and selective reduced integration (SRI) techniques were the ®rst successful irreducible form of solutions for locking problems, although in the beginning not directed speci®cally to volumetric locking (Hughes et al., 1978; Zienkiewicz et al., 1971) . For the particular case of the eight-node hexahedral ®nite element, both techniques correspond to the use of a lower quadrature rule (one Gauss point, corresponding to the elements' center) in opposition to the so-called complete quadrature rule (2 £ 2 £ 2 Gauss points). While the (total) reduced integration appeared to lead to non-physical (spurious) deformation patterns, selective reduced integration proved quite successful, being in some extent the predecessor of the B-bar method (Hughes, 1977) . In the latter, shape functions derivatives related to the volumetric part of deformation were replaced by approximations resulting from a mixed formulation, without resorting to reduced integrations.
All these methods proved to be effective proposals in alleviating speci®cally the volumetric locking, although their performance in bending dominated situations revealed some de®ciencies. For selective reduced integration and B-bar cases, in addition, their application is in some extent limited to materials whose strain (stress) tensor can be decomposed into volumetric and deviatoric parts. Other formulations succeeded in using an augmented functional, when compared to that obtained from displacement-based approaches, incorporating additional ®elds into the formulation and leading to the onset of general mixed methods. For the u/p mixed formulation, displacements are interpolated with functions providing C 0 continuity requirements, while the pressure ®eld is introduced via discontinuous functions between elements (Hughes, 2000; Zienkiewicz and Taylor, 2000) .
A new enhanced strain element
In the 1990s, the work of Simo and Rifai (1990) introduced the enhanced strain method. In this formulation, the strain ®eld is enlarged with the inclusion of an extra internal ®eld of variables, resulting therefore in additional deformation modes. A particular choice of the extra modes of deformation led to the QM6 element, derived via the incompatible modes method of Wilson et al. (1973) , a formulation designed to improve the performance of quadrilateral elements in 2D bending problems (Taylor et al., 1976) .
Due to its versatility, the enhanced strain method was successfully applied in 2D, 3D and shell formulations achieving good results even with coarse meshes (Andel®nger and Ramm, 1993; Armero and Dvorkin, 2000; de Borst and Groen, 1999; de Souza Neto et al., 1996; Glaser and Armero, 1997; Kasper and Taylor, 2000; Korelc and Wriggers, 1996; Piltner, 2000; Rohel and Ramm, 1996; Simo and Armero, 1992; Simo and Rifai, 1990; Simo et al., 1993) . The possibility of, respecting some conditions, ªfreelyº adding extra variables (deformation modes) represents an important matter, being directly related to a given element's performance.
Concerning near incompressible situations, and speci®cally for 2D plane strain problems, the number of additional variables to use in reliable volumetric locking-free elements can vary from two to four, as in the proposals of Ce Âsar de Sa Â and Natal Jorge (1999) or Simo and Rifai (1990) among others. In 3D analysis, this number is still a matter of discussion, varying from 9 to 12 in accordance to Korelc and Wriggers (1996) , 12 according to Simo et al. (1993) or still 6 to 30, according to Andel®nger and Ramm (1993) , only to quote some relevant publications in the ®eld.
Still dealing with hexahedral ®nite elements, but departing from the exposed before, an interesting application relates to the shell structures modelling. In fact, 3D elements were the starting point of some shell elements, as in the onset of the degenerated approach, with the pioneer work of Ahmad et al. (1970) . For the proper reproduction of this particular kinematics, either of Mindlin or Kirchhoff-Koiter type, some simpli®cations were taken, leading to a class of elements incorporating plane-stress assumptions with undesirable losses in the general character provided by full 3D material laws of solid elements.
In this sense, a correct reproduction of shells (and plates) structures behaviour with the use of tridimensional elements is desirable. Apart from the easier formulation and material considerations, solid elements provide a straightforward extension to geometrically non-linear problems, in particular, in the presence of large rotations, once the only degrees of freedom involved are (additive type) translations. Another dif®culty in dealing with shell elements is the treatment of corner-like zones (for example, in reinforced shell structures), with the resulting drilling degrees of freedom, and also the treatment of conjunction between solids and shells in the same model.
For a successful modelling of general shells, with no limitations on thickness values, transverse shear locking effects must be accounted. Transverse shear EC 20,7 locking phenomenon relates to the inability of a given element to reproduce a null transverse shear strain energy state in pure bending . Backward in the earlier developments, shear locking in degenerated shell elements were revealed as thickness values tended to small values. The ®rst successful procedures to overcome this arti®cial behaviour were the cited selective numerical under-integration of the transverse shear strain terms. The appearance of spurious zero energy deformation modes required the development of stabilization or projection techniques in order to recover the correct rank of the stiffness matrices involved (Belytschko et al., 1992) . In case the full quadrature is maintained, some procedures proved to be ef®cient in attenuating transverse shear locking. Among the successful techniques were the so-called mixed interpolation of tensorial (transverse shear strain) components (MITC), from the initial work of Dvorkin and Bathe (1984) and later on Bathe and Dvorkin (1986) , Bathe et al. (2000) , Chapelle and Bathe (2000) and Lee and Bathe (2002) .
Additionally, it is also worth noting the assumed natural strain (ANS) approach ®rst introduced by Park (1986) and Park and Stanley (1986) . Both formulations employ a set of additional sampling points over a ®nite element in order to obtain a substitute or complementary strain ®eld leading to the ful®lment of the Kirchhoff-Koiter hypothesis in the thin shell limit. Relating to the MITC, this procedure is usually cast into a more general frame than the conventional degenerated formulation. An example is the ªsolid-shellº class of elements developed by Doll et al. (2000) , Harnau and Schweizerhof (2002) , Hauptmann and Schweizerhof (1998) and Hauptmann et al. (2001) . In this formulation, mixed interpolation as described was used for the transverse shear locking, while the EAS method is adopted in attenuating membrane locking. Thickness, volumetric and trapezoidal locking appearance is related to these elements, and proper treatments of the last locking effects are needed in order to reach a successful and general ®nite element (Harnau and Schweizerhof, 2002) .
In this paper, based on the framework of subspace of deformations analysis, already successfully applied in 2D plane strain (Ce Âsar de Sa Â and Natal Jorge, 1999) and shell problems (Ce Âsar de , a new volumetric and shear locking-free EAS element for 3D analyses is proposed. The main idea is the improvement of the original strain ®eld, in an additive way, leading to elements with higher performance in the presence of volumetric locking (3D applications) and transverse shear locking (shell structures applications).
Volumetric locking ± subspace analysis
The incompressibility problem can be formulated as a constrained minimization of a functional (Ce Âsar de Sa Â and Natal Jorge, 1999) . In simple terms, the goal is to obtain, in the linear space of admissible solutions U, a ®eld of displacement u, that minimizes the total energy of the system, located in the A new enhanced strain element subspace of the incompressible deformations I and simultaneously contained in the space of all the solutions (I , U). This statement can be posed in the form:
In an approach done by the FEM, the linear space of the admissible solutions U, and the respective subspace I, previously de®ned, are approximated by the spaces U h and I h , respectively. A two ®eld ®nite element solution can be expressed for linear elasticity, according to Ce Âsar de Sa Â and Natal Jorge (1999), by:
where f ext is the vector of applied external forces, p is the hydrostatic pressure and K is the stiffness matrix. The superscript (h) means that the variable in cause is a ®nite element approximation. The incompressibility condition is given by the second group of equations de®ned in equation (2),
which will de®ne the subspace of the incompressible deformations I h as: If the subspace I h is an approach to the original subspace I, it is plausible to admit that it cannot reproduce all the possible solutions contained in I. In fact, different formulations lead to better or worse approximations for the I subspace. The volumetric locking phenomenon occurs when for a certain group of boundary conditions and external forces, applied in a near incompressible situation, the expected solution or some of its components do not appear properly represented in the subspace I h . Different types of elements can offer distinct subspaces of incompressible deformations, originating therefore different solutions (Ce Âsar de Sa Â and Owen, 1986) .
To characterize the already de®ned subspace I h , consider a standard isoparametric eight-node hexahedral element with domain O e (Figure 1 ). For small deformations, the incompressibility constraint (e ii = 0) can take the form:
At the element level, in any point of the domain, the displacement ®eld can be interpolated using the standard linear shape functions (Hughes, 2000; Zienkiewicz and Taylor, 2000) :
One way to guarantee the incompressibility condition is to assure that the integrand function in equation (5) is zero. Substituting equation (6) in equation (5) results:
for i = 1; n e nodes : Making use of a complete integration (2 £ 2 £ 2; eight Gauss points, Figure 1 ), the application of equation (7) leads to, 
where the results for each Gauss point are grouped by rows and:
Equation (8) contains a matrix (Q) of rank seven. Being 24, the total number of degrees of freedom, i.e. the dimension of the subspace of admissible solutions U h , there will be a dimension 242 7 = 17 for the incompressible deformations subspace.
If, for the same element, a reduced numerical integration scheme with only one Gauss point is used (x = Z = z = 0); the imposition of condition (7) will lead to a subspace of dimension 23, when the maximum dimension of the space of the admissible solutions is 24. The matrix in equation (8) is rewritten as follows,
and EC 20,7
Analysing these two possible bases for the subspace of the incompressible deformations, it can be inferred clearly that the use of the reduced integration allows the reproduction of more six incompressible displacement modes than the case of complete integration. Since the admissible incompressible solutions are nothing more than a linear combination of a given I h basis, this can be a quite reasonable explanation for the good performance of the reduced integration techniques in volumetric locking problems, and why the classical complete integration numerical integration locks.
For a clear illustration of the last statements, a graphical representation of the linearly independent elements which form the basis of the incompressible deformations subspace is shown in Figure 2 . The six rigid body motions can be obtained linearly combining these elements. The displacement ®eld associated with each mode is plotted in Table I . The modes 1-17 are reproduced both by the complete and the reduced integration. The modes 18-23 are reproduced only by the reduced integration, being volumetric locking situations for the complete integration. They can be divided into four main groups:
(1) simple edges translations, in x, y and z directions, represented by the modes 1-12; (2) expansion/contraction of one face, modes 13-17; (3) hourglass modes, 18-20; (4) warping modes, 21-23.
In the following sections, the proposed approaches to alleviate locking effects (using the enhanced strain method) are conveniently de®ned within the subspace analysis framework just described.
Formulation of volumetric and transverse shear locking-free elements
As already referred, the reduced integration, selective reduced integration and similar techniques have proved to be ef®cient methods on attenuating the volumetric locking. However, the behaviour in bending dominated situations is not the best, and for the case of the SRI techniques, the analysis is in some measure limited to materials where the stress tensor allows the decomposition in volumetric and deviatoric components.
On the other hand, the enhanced strain method is a powerful technique, in the sense that permits the inclusion of more or less additional variables for the enhanced strain ®eld. Thus, it is possible to construct a formulation with good behaviour both in near incompressible situation and bending situations.
However, the number of additional variables in the enhanced ®eld is a crucial matter. If increasing the number of additional variables, and consequently, modes of deformation, normally improves the element's performance, it can also lead to instabilities, numerical inef®ciency and large CPU costs. Using the classical complete (eightw Gauss points) numerical integration, the objective turns therefore to reach the dimension 23 for the subspace of incompressible deformations. It was already shown Sousa et al., 2002) that this subspace dimension is related to a good performance in 3D volumetric locking situations.
At the element level, the interpolation of the strain ®eld follows the usual methodology (Simo and Rifai, 1990), (Hughes, 2000; Zienkiewicz and Taylor, 2000) , while B e a is the one used for the enhanced variables ®eld (a).
At the element level, the operator B e a is previously formulated in the isoparametric space, leading to the M e a matrix. The transition from the isoparametric space to the global reference frame must be carried out very carefully, in order to satisfy the patch test for arbitrary con®gurations, as stated by Taylor et al. (1976) ,
Condition (14) can also be obtained from the orthogonality condition between the stress ®eld and the enhanced strain ®eld (Simo and Rifai, 1990 ). In problems involving distorted meshes, the transition of the differential operator for the enhanced ®eld is also a crucial matter and can have a relevant in¯uence in the element's performance. Following the work of Andel®nger and Ramm (1993) , and Simo and Rifai (1990) the transformation provided by equation (15), performed at the center of each ®nite element, allows the ful®llment of equation (14) by the elements proposed, and can be stated as follows:
and as usual
(16) j J 0 j and j Jj being Jacobian matrix determinants and a the number of additional variables. The subscript (0) refers to evaluations in the centre of the standard element, (x = Z = z = 0). T is the transformation tensor relating the isoparametric space and the global reference frame, de®ned by 
(17)
where J 2 1 ij relates to the ij components of the inverse Jacobian matrix. This expression comes from considering a transformation between two general curvilinear (convective) referentials (Bathe, 1996) .
The starting point for the following developments is to include nine additional variables in the enhanced strain ®eld, each one associated with the space derivatives of the displacement ®eld, H. Thus, for a 3D problem, the displacement gradient matrix is augmented as follows: 
Making use of a bubble function N a , 
The subsequent transformation to the global frame follows the rule stated in equation (15). This time, the application of equation (7) 
and results in the following matrix: 
where
and:
Following the methodology applied in the subspace analysis for the complete and reduced integration schemes of the previous section, it is possible to conclude that expression (22) will implicitly de®ne a basis for the subspace of incompressible deformations with dimension 20. This value comes from considering a number of 24 + 9= 33 degrees of freedom, subtracting the rank of Q and the number of null displacement modes associated with the null columns in equation (22) (resulting in a dimension of 33 2 7 2 6 = 20): Note that these A new enhanced strain element six neglected modes respect the incompressibility condition but concern only non-zero values for the enhanced variables ®eld, not introducing additional displacement modes. This approximated basis can be represented by the ®rst 20 elements represented in Figure 2 . However, the previous approach still achieve less three displacement modes than the use of the reduced integration, which may be the cause of volumetric locking problems for this element (Alves de Sousa et al., 2002) .
Hence, three more new internal variables will be added, aiming to be able to reproduce all the modes of Figure 2 , which is effectively achieved. At the same time, these new variables, in this case bilinear terms coming from the double derivatives in equation (25) assure the condition of incompressibility as stated by de Borst and Groen (1999), Korelc and Wriggers (1996) and Simo et al. (1993) .
Focusing only on the volumetric components of the strain ®eld, the modi®cation is performed in the volumetric components of the enhanced ®eld interpolation matrix, this time called M (21) and again applying equation (7) results in This will generate an approximation for the subspace of incompressible deformations with dimension 23 (comes from 362 7 2 6), again neglecting the modes associated with the six internal degrees of freedom in equation (26), as well in equation (22), which have zero nodal displacements. This ful®ls the necessary subspace dimension for a volumetric locking-free element.
The HCiS18 element
Once the requirements for a volumetric locking-free formulation are satis®ed, we turn back to the transverse shear locking. Indeed, the two last elements show strong sensitivity to the shear locking phenomenon in problems involving thin shells or plates, with low length to thickness ratio (Alves de Sousa et al., 2002) . Working only in the shear part of the strain ®eld to guarantee the same volumetric locking-free properties already achieved by the use of M 
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This element satis®ed the patch test (14), and showed a good behaviour in volumetric and transverse shear locking-free related problems, even with distorted meshes (Alves de Sousa et al., 2002) .
A new approach: the HCiS12 element
In an alternative approach, it is possible to split the already de®ned M e 18
(equation (28) A new enhanced strain element 
(30)
The use of the M e VL matrix is suf®cient to reach the stated dimension for the incompressible deformations subspace in a volumetric locking-free element, i.e. 23. In fact, comparing with equation (26) the only difference when applying equation (30) in equation (7) is the elimination of the six null columns in equations (22) and (26), resulting in this case:
Consequently, the number of elements in this basis of the incompressible deformations subspace is equal to the nullity of Q matrix, 23, since there is no need to neglect the six displacement modes related to null nodal displacements.
Referring to the work of Ce Âsar de and Fontes the framework of the subspace analysis can be used to achieve a shear locking-free element. In fact, it is possible to enforce the nullity of the transverse shear strain energy by including, in an additive way, an enhanced strain ®eld directly over the transverse shear strain terms of the original 
In summary, the proposed HCiS12 element consists of an improvement of the HCiS18 element. In fact, as will be con®rmed in the next section, their performances are very close. However, the HCiS12 has the clear advantage of using less six variables in its enhanced strain ®eld, which means more numerical stability and less CPU costs.
Assessments
The goal of the following linear elastic assessments is to test the proposed formulation (HCiS12) performance in situations involving the volumetric locking and/or the transverse shear locking. The sensitivity to mesh distortions is also studied. Comparisons with other formulations are carried out, including: Solids . Q1 ± classical FEM eight-node hexahedral element with complete integration;
. QM1/E12 ± 3D eight-node hexahedral element with 12 internal variables proposed by Simo et al. (1993) ;
. QS/E9 ± 3D eight-node hexahedral element with nine internal variables and stabilization proposed by Korelc and Wriggers (1996) ;
. 3D.EAS-21 ± 3D eight-node hexahedral element with 21 internal variables proposed by Andel®nger and Ramm (1993) ;
. HEXDS ± multiple quadrature under-integrated 3D eight-node hexahedral element proposed by Liu et al. (1998) ;
.
H1/ME9 ± mixed-enhanced eight-node hexahedral element with nine enhanced modes, and complete quadrature rule, proposed by Kasper and Taylor (2000) ; and .
HCiS18 ± 3D eight-node hexahedral element with 18 internal variables proposed by Alves de Sousa et al. (2002) .
Shells
. SIMO_89 ± bilinear shell mixed element for membrane and bending stresses, proposed by Simo et al. (1989) ;
. S4E6P7 ± shell element using enhanced transverse shear strain terms, proposed by Ce Âsar de Sa Â et al. (2002);
. MITC4 ± fully integrated and mixed interpolated bilinear shell element derived by Dvorkin and Bathe (1984) ;
. EAS7-ANS ± in plane bilinear enhanced shell element proposed by Andel®nger and Ramm (1993) ;
. QPH ± quadrilateral shell element with physical hourglass control proposed by Belytschko and Leviathan (1994) . Figure 3 shows a clamped square plate, loaded by a concentrated load F. One quarter of the geometry needs to be analysed, using meshes of 2 £ 2 and 4 £ 4 elements. The plotted results for vertical displacement in the loaded point are normalized against the analytical solution (Table II) of Kirchhoff plate theory. Poisson's coef®cient values for compressible and near-incompressible behaviours as well as low length to thickness ratios (1/100 and 1/1,000) are studied. The proposed solid elements perform well even in situations of near incompressibility allied to low length to thickness ratios, where volumetric and transverse shear locking are expected. The accuracy is as good as for the shell element.
Clamped square plate with concentrated load

Block under compression
This well-known test aims to assess the performance of the elements in near incompressibility situations allied to mesh distortions (Andel®nger and Ramm, 1993) . Figure 4 shows a block of dimensions 100 £ 100 £ 50; with near incompressibility properties, subjected to a distributed load, in its central area of 20 £ 20: By symmetry, only one quarter of the model is studied, using two different meshes of 5 £ 5 £ 5 elements: a regular one (Figure 4(a) ), and a distorted one (Figure 4(b) ). The loaded area is equal for both meshes. The vertical displacement of the central point of the block (A), and the relative error between the solutions for regular and distorted meshes is analysed (Table III) .
From the results, it can be inferred that the HCiS12 element is volumetric locking-free, allowing good behaviour in near incompressibility situations, and also having low sensitivity to mesh distortions.
Thick wall sphere problem
This assessment, proposed by Kasper and Taylor (2000) , aims to demonstrate the ability of the presented formulations in near incompressible state. One-eighth of a thick walled sphere ( Figure 5 ) with inner radius R i = 7.5 and outer radius R e = 10 is subjected to an internal pressure Q = 1. The elastic module is E = 250, and the normalized radial displacements for R = R e is depicted for several Poisson coef®cient (n) values. The HCiS12 and HCiS18 elements results (Table IV) are average values for all nodes with R= R e . The volumetric locking is evident for the Q1 element and the other formulations behave well. 
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Note:
a From Korelc and Wriggers (1996) . Morley (1963) , is analysed in order to test the sensitivity of the formulations to mesh distortions and the ability to avoid the shear locking, present in problems with low length to thickness ratio, in this case 1/100. The plate is simply supported and subjected to a uniform pressure Q. The data of the problem, shown in Figure 6 , is based on the work of Andel®nger and Ramm (1993) . The Kirchhoff reference solution of 4.455 for the de¯ection in the center of the plate (C), presented by Morley (1963) is replaced by the value of 4.640 (Andel®nger and Ramm, 1993) , since for this thickness to length to ratio of 1/100, the shear deformation effects cannot be neglected.
As can be inferred from Table V and Figure 7 , the HCiS12 element shows excellent results even for coarse meshes, being as accurate as the best shell element performance, and showing convergence to the reference solution.
Scordelis-Lo roof problem
The proposed original problem from Scordelis and Lo (1969) , reports to a cylindrical shell, with radius R, length L and thickness t, supported by rigid diaphragms in the curved edges and subjected to dead load (Figure 8 ). Due to its symmetry, only one quarter of the model is studied and the midpoint free edge's vertical displacement (D) is assessed, comparing with the reference solution of 0.3024, from Belytschko et al. (1985) and Simo et al. (1989) . The presented results are normalized against the reference solution and represented in Figure 9 and Table VI . From the results, it can be inferred that all the elements perform well, even for coarse meshes. Besides that, it is important to remark that the solid elements show as good accuracy as the shell elements. Figure 10 shows one-eighth of a pinched cylinder with radius R, length L, thickness t and rigid diaphragms at the end edges. The material data are also provided. The structure is subjected to two concentrated loads F = 1. This is a classical test for shell elements, and also known for causing poor convergence results in 3D elements. The normalized results for the vertical displacement in the loaded point against the reference solution of 1:82488 £ 10 2 5 ; are presented in for this assessment. The HCiS12 element shows good results and convergence properties, although showing some sensitivity associated with an increase in thickness of elements.
Pinched cylinder with end diaphragms
Partly clamped hyperbolic paraboloid
This interesting bending-dominated test was introduced in the work of Chapelle and Bathe (2000) and further developed by Bathe et al. (2000) . This type of bending-dominated tests can be a hard test for standard FEM formulations. The problem consists of a self-weighted hyperbolic paraboloid shell structure, clamped in one edge, and free in the others, as shown in Figure 11 . By symmetry, only one half of the geometry needs to be considered. The geometry details and the problem data can be found in Chapelle and Bathe (2000) . For the FEM meshes, sequences of N£ N/2 elements (N = 8, 16, 32, 64) were considered, with thickness/length ratios of 1/100, 1/1,000 and 1/10,000, following the proposal of Bathe et al. (2000) .
Since there is no analytical solution for this problem, for comparison purposes, the reference values for the vertical displacement of point P and the total strain energy are the ones obtained by Bathe et al. (2000) using a high order shell element with a re®ned mesh. The results present graphically the strain energy error (Er) of the FEM solutions (Eh) against the reference solution (E) (Figures 12-14) , i.e.
The reference solution is obtained by the solid elements HCiS12 and HCiS18 in all cases, although needing more re®ned meshes in the last two situations (1/1,000 and 1/10,000), which denotes sensitivity for diminutions in the thickness/length ratio. 
Concluding remarks
Based on the EAS method, it was possible to design a new eight-noded hexahedral element suited for near incompressible situations and/or thin shell or plate problems. Using a quite simple formulation, with no stabilization or under-integration techniques, and a minimal set of additional variables, justi®ed by the framework of subspace analysis, the HCiS12 element performed successfully in all the examples presented.
. In the block under compression and thick walled sphere examples, no volumetric locking and minimal sensitivity to mesh distortions were seen.
In the clamped square plate, performed well with low thickness to length ratios allied to near incompressibility. In the hyperbolic paraboloid shell, the convergence to correct solutions was achieved, although showing sensitivity related to decrease of the length to thickness ratio from 1/100 to 1/10,000.
Comparing with other well known EAS solid elements, a great improvement was done. The extension of the proposed formulation to geometrically and/or material non-linear problems is currently being carried out.
